Introduction
Thermal barrier coatings (TBCs) have attracted an increasing attention in aircraft and industrial gas-turbine applications because of their excellent wear resistance, corrosion proof, and thermal insulation [1, 2] . The merits of using ceramic TBCs are well recognized in the increase of engine operating temperature with reduced cooling requirements, resulting in significant improvements of thermal efficiency, performance and reliability [3] . The 8 wt.% yttria stabilized zirconia (8YSZ) ceramics have been commonly regarded as a crucial thermal insulation material. However, the phase transformation, high-temperature sintering and oxidation, mismatch between thermal and residual stresses, and creep of YSZ coatings are inevitable in practice, which may accelerate the spallation and failure of TBCs [2] [3] [4] [5] [6] . Therefore, the evolution of mechanical, physical and chemical properties of 8YSZ coatings during thermal cycling plays an important role in predicting their durability and reliability. In recent years, various experimental methods such as tension [7] [8] [9] [10] [11] , indentation [12] [13] [14] [15] [16] , compression [17] , shear [18] , double cantilever beam [19] and bending tests [20] [21] [22] [23] have been developed to measure the fracture strength and toughness of 8YSZ coatings as well as the interface adhesion strength of a TBC system. Due to the influence of bond coat, substrate and components with complicated structures, however, it is difficult to thoroughly study the mechanical properties of deposited 8YSZ top coatings. Only a few attempts have been made to directly measure the fracture features and mechanical parameters of freestanding 8YSZ coatings.
To further reveal the fracture behaviors of a TBC system, freestanding 8YSZ coating specimens were prepared by an air plasma sprayed (APS) technique, which were subjected to heat treatments for considering the sintering effect. Their mechanical properties, including the fracture strength σ b and fracture toughness K IC under thermal cycles, were measured by using single edge notched beam (SENB), an effective and credible method to test the fracture toughness of brittle ceramics [24] .
The maximum bearing load of a notched specimen, defined as the failure or peak load, can be used for calculating σ b and K IC . In this paper, to clearly describe the crack initiation and propagation characteristics of APS 8YSZ, the bending fracture process near a pre-existed notch region was in-situ monitored by a non-contact and non-destructive digital image correlation (DIC) technique. The DIC data are advantageous in judging critical bending loads of notched freestanding 8YSZ samples and appraising other mechanical parameters. On the other hand, the variation of hardness H and K IC of freestanding 8YSZ coatings were also measured by Vickers indentations [12] . The K IC values were compared with that by the SENB tests. Finally, fracture morphologies of 8YSZ coatings were observed by scanning electron microscope and the effect of heat treatment on mechanical properties was discussed.
Experimental

Sample preparation
To prepare the stand-alone thick coating, the 8YSZ powder with grain sizes of 20−60 μm was directly sprayed on aluminum substrate with a size of 160×25×10 mm 3 by APS. During the APS process, substrate was cooled with the compressed air, 4 resulting in deposition temperatures between 200 and 250°C. After completing the spraying process and cooling to room temperature in air, the coated aluminum substrate was carefully incised into small bars by a commercial cutting machine (IsoMet® 4000). The top 8YSZ coating for each bar can be obtained after aluminum substrate was etched with potassium hydroxide. Then, these freestanding 8YSZ coatings were cut into rectangular-shape specimens with 20×3×4 mm 3 . Each thermal cycling consists of 10 min. heating to the desired surface temperature of 1000°C, and then holding for 60 min., followed by a 10 min. forced-air-quenching. All specimens were polished with 2.5 μm diamond paste. A total of 6 different annealing times of 0, 50, 100, 150, 200 and 300 were used. The number for each type of specimens is 5 and the total number of specimens is 60. Here, half of those were used for Vickers indentations and others were tested as SENB specimens. The specimens were fabricated and loaded according to the ASTM standard E1820−05a [24] , where a notch was cut across the 3 mm face, perpendicular to the length of the bending bar.
The narrow notch tip radii are about 5-10 μm by a commercial cutting machine with a thin diamond saw blade. The notch depths of ~1.5 mm were used, as shown in Fig. 1 .
The specimens were handled by hydrochloric acid to reduce the influence of surface work hardening. They were also carefully cleaned by an ultrasonic oscillator with distilled water and then completely dried.
SENB tests
There are two methods that were proposed to evaluate the critical bending load 5 of a notched specimen in SENB tests. In the first method, the critical load is regarded as the peak point in a load-deflection curve, which is usually recorded by the universal testing machine. The second method is based on the DIC technique, which is used to monitor the strain evolution near the notch region, as illustrated by the dashed lines in Fig. 1 . The strain burst deduced from the DIC data accurately reflects the crack nucleation and propagation of a notched specimen under bending, and then the corresponding load can be determined as the critical bending load [8] . Prior to the DIC testing, patterns were prepared by spraying a thin layer of black and white paint with airbrush guns. Based on the DIC technique, displacement fields were measured by tracking the features of random speckle patterns on the specimen surface [25] . A charge coupled device camera with 1624×1236 pixels and equipped by a lens of 50 mm focal length was used to in-situ measure the macroscopic morphology and strain evolution of the monitored region (4×3 mm 2 ) with a sampling rate of 2 images per second (see Fig. 1 ). The post-processing was achieved by the commercially available DIC software (ARAMIS) in order to analyze the evolution of a strain field. The measuring error of strain is less than 0.05% by calibration [26] . The compressive rate of the universal testing machine was set as 0.01 mm/min. The bending loads increase linearly up to the maximum, at which the notched 8YSZ samples break down. All experimental data, including the critical bending load, strain field, and crack initiation and propagation path, were in-situ recorded by a computer, which were used to estimate the mechanical properties of 8YSZ samples. In SENB tests, σ b and K IC can be obtained by [27] 
where F denotes the bending load, a is the initial length of a notch, B and W are, respectively, the width and height of the sample, L is the span between two lower supporting points, and Y is a factor defined as a/W. 
Vickers indentation
The evolution of H and K IC of undamaged freestanding 8YSZ specimens was measured by a modified Vickers indentation equipment [12] . Here it is worth noting that the effect of residual stress is ignored because it is small in freestanding 8YSZ specimens before and after heat treatments. In indentation tests, the loading time is 10 s, the dwelling time is 20 s at the peak load, and the unloading time is 15 s. Vickers micro-hardness impressions in TBCs are not as clearly defined as those in dense ceramics due to micro-cracks and porosity. To overcome this difficulty, the range of indentation loads was selected from 19.6 to 147 N in a modified Vickers indentation apparatus [12] . In Vickers indentation fracture tests, K IC can be obtained as [29] 1/ 2
where δ is a geometric factor and 0.016
for Vickers indenter, E and H are Young's modulus and micro-hardness of the sample, respectively, P is the indentation load, and c is the average length of two indentation cracks [12] , as illustrated in Fig. 2 .
The indentation results were used to compare with that by the SENB measurements.
Owing to micro-cracks and pores in APS 8YSZ specimens, however, experimental results of H and K IC exhibit a large scatter. It is known that the Weibull distribution can be applied to describe the scatter of mechanical properties of brittle materials [30] [31] [32] . Based on the Weibull statistics, the cumulative distribution p of a measured parameter x can be represented as [31] 0 1 exp
where 0 x and m are the normalized tested parameter and Weibull modulus, respectively. Here, experimental data are sorted in an ascending order and each value is assigned to a probability of ( 0.5)/ p i n = − , where i is the i-th rank and n is the total number of tests [32] .
Results and discussion
Fracture features
As shown in Fig. 3 , the correlation between bending loads and DIC mapping can be described as a function of time, which is utilized to accurately judge the crack propagation and coating failure. The deflection ω and longitudinal strain xx ε in the dashed region (see Fig. 1 ) slowly increase with the increase of F. To estimate the critical stain transition point and then determine the critical bending load, the xx ε data for each 8YSZ sample were linearly fitted in slow and rapid growth stages, Fig. 3 ). In the traditional SENB method, the peak load F = 19.35 N at point C is usually regarded as the critical load F cr in Eqs. (2) and (4). However, the DIC data clearly show that a crack has initiated when F = 17.01 N at point B, i.e., before F arrives to F cr . In this paper, the bending load evaluated by DIC is regarded as the critical load DIC cr F , which is slightly less than F cr determined by the conventional SENB. This may improve the testing accuracy in evaluating the mechanical properties of brittle ceramic coatings.
Determination of σ b and K IC by SENB and DIC
As listed in Table 1 coatings. In addition, it is seen that the results deduced by F cr in Table 1 Similarly, using Eq. (2) by Vickers indentation tests [12] . Thus, it is obvious that the results are in agreement with available data.
Evaluation of K IC by Vickers indentation
As shown in Fig. 7 , the scattered data of H can be well fitted by the Weibull distribution for as-received and heat-treated 8YSZ specimens, where the normalized hardness is, respectively, equal to 3.12, 3.48, 3.84, 4.25, 4.31 and 4.51 GPa. It increases with the increase of thermal cycles, which is attributed to the effect of high-temperature sintering. Choi et al. [38] showed that H for APS 8 YSZ coatings increases from the as-received value of 2.34 GPa to 4.49 GPa when the thermal aging time equals about 5 h. Then, it gradually approaches a plateau of 4.36 GPa after annealing 500 h [3] . The results in this paper are in agreement with these data, but they are less than that of nano-structured APS YSZ coatings [40] . Similarly, using the given H, E and Eq. (4) 
Conclusions
The fracture characteristics and evolution of mechanical properties of freestanding 8YSZ coatings play an important role in appraising the reliability and durability of a TBC system. In this paper, the mechanical properties of freestanding 8YSZ samples were measured by SENB with the help of DIC and Vickers indentations, respectively. The main conclusions can be summarized as follows:
(1) The strain fields and crack nucleation near the pre-existed notch were successfully in-situ monitored by DIC during SENB tests, which are instructive to judge the critical bending load and improve the measurement accuracy.
(2 
